In this study, the effect of the intake plenum design on the scavenging process in a newly proposed 2-stroke Boosted Uniflow Scavenged Direct Injection Gasoline (BUSDIG) engine was studied in detail by three dimensional (3D) computational fluid dynamics (CFD) simulations. In the BUSDIG engine, the intake scavenge ports are integrated into the cylinder liner and their opening and closure are controlled by the movement of piston top while exhaust valves are placed in the cylinder head. In order to accommodate the optimized scavenge ports in the real engine application, the intake plenum with an inlet pipe and a scavenge chamber was designed and connected to the 12 evenly distributed scavenge ports in a single cylinder BUSDIG engine. In order to achieve optimal scavenge performances and sufficient in-cylinder flow motions to enhance the fuel/air mixing, five design parameters of the intake plenum were investigated, including the ratio of the inlet area relative to the scavenge port area (r I/S ), the radius of the round connecting the inlet pipe and the scavenge chamber (r R ), the ratio of the scavenge chamber volume to the cylinder displacement volume (r S/C ), the angle between the inlet pipe and exhaust pipe (α I/E ) and the ratio of bore to the scavenge port length (r B/PL ). It is found that the best scavenging performance is achieved at low engine speed when the intake plenum design shows less impact on the scavenging performances. As the engine speed increases, the impact on the scavenging performance by the intake plenum design becomes more significant. There is a trade-off between the tumble ratio (TR) and cross tumble ratio (CTR) for each intake plenum design. Based on the systematic study carried out, the intake plenum design parameters were optimized for high scavenging performance and strong large scale flow motions in the BUSDIG engine.
Introduction
The engine downsizing and downspeeding technologies have been developed in automotive industry to reduce CO 2 emissions and achieve higher engine efficiency. However, further engine downsizing and downspeeding by increasing boost in the 4-stroke gasoline engine are hampered by the increased peak cylinder pressure, knocking combustion and associated higher thermal and mechanical load. Alternatively, the 2-stroke engine has the potential to achieve both downsizing and downspeeding because of its doubled firing frequency which requires a lower IMEP and lower peak in-cylinder pressure at the same output toque than a 4-stroke counterpart. The additional advantages, including the higher power-to-weight ratio and compact engine dimension, make the 2-stroke engine naturally suitable for aggressive engine downsizing and downspeeding to increase the power density and improve fuel economy.
In order to take full advantage of the 2-stroke cycle operation, a novel 2-stroke Boosted Uniflow Scavenged Direct Injection Gasoline (BUSDIG) engine [1] was proposed to achieve aggressive engine downsizing and downspeeding. The scavenging process, during which the fresh intake charge displaces the burned gas from the previous cycle and fills the cylinder for the next cycle, is essential for the 2-stroke cycle operation. Because of the long overlapping period of intake and exhaust processes in the 2-stroke operation, the intake fresh mixture can flow directly into the exhaust port during the scavenging process, i.e. the charge short-circuiting phenomenon. Therefore, the uniflow scavenge method, which has been proved to be most effective in the scavenging performance of the 2-stroke operation [2, 3] , is adopted in the BUSDIG engine. The intake ports are integrated into the cylinder liner and their opening and closure are controlled by the movement of the piston top while exhaust valves are placed in the cylinder head. The variable valve actuation (VVA) technology is applied to the exhaust valves to control the scavenging process under different boost pressures at various engine speeds. Meanwhile, the BUSDIG engine can also minimize the bore distortion caused by uneven thermal loading in the conventional ported 2-stroke engine with cold intake port on one side and hot exhaust port on the other, thus improving the engine durability.
In order to maximize the scavenge performance and optimize the incylinder flow motion, the three dimensional (3D) computational fluid dynamics (CFD) simulations were performed in a previous work [4] to optimize two key scavenge port angles, i.e. Axis Inclination Angle (AIA) and Swirl Orientation Angle (SOA), in the BUSDIG engine. In addition to the scavenge port design, the intake plenum, which is used to accommodate the scavenge ports and connected to the intake air system, e.g. boost system, also affects the scavenging process and in-cylinder flow motions. Laget et al. [2] performed simulations to investigate the scavenging process in a 2-stroke uniflow diesel engine with and without the intake plenum. They found that the use of a toric intake plenum induces a non-identical feeding of each of the 12 scavenge ports and results in a skewness of the flow. Abis et al. [5] found that a larger intake plenum volume can provides a constant pressure for the scavenging and the gas dynamics due to the opening of the intake ports can be damped considerably. Hori [6] investigated the effect of the entrance radius of the scavenging port in the intake plenum and found an entrance radius of 3 mm is appropriate, because a larger radius leads to flow detachment at the entrance and a loss of effective area and a smaller radius increases pressure loss at the entrance. Vashishtha et al. [7] investigated the design of inlet entry orientation for the intake plenum in a 2-stroke gasoline engine, and found that the inlet entry in-line with the cylinder axis shows better scavenging performance than the inlet entry perpendicular to cylinder axis. In addition to the toric design, the intake plenum with a scroll design is thought to be the best method of assisting the angled scavenge ports to induce the swirling flow [8] . However, this design is difficult to incorporate into multi-cylinder designs with close intercylinder spacing.
In this study, in order to design an optimal intake plenum to achieve good scavenging performance and sufficient in-cylinder flow motions in the BUSDIG engine, five design parameters of the intake plenum were investigated by 3D CFD simulations, including the ratio of the inlet area relative to the scavenge port area (r I/S ), the radius of the round connecting the inlet pipe and the scavenge chamber (r R ), the ratio of the scavenge chamber volume to the cylinder displacement volume (r S/C ), the angle between the inlet pipe and exhaust pipe (α I/E ) and the ratio of bore to the scavenge port length (r B/PL ). The effect of each design parameter on the in-cylinder flow and scavenging process was analysed at different engine speeds. Based on the current study, the optimized intake plenum can be designed for high scavenging efficiency and strong large scale flow motions. Figure 1 shows schematically the design of the cylinder head, piston crown shape and scavenge ports (without intake plenum). Based on the initial design of bore/stroke for maximum performance [4] , a pent roof cylinder head is adopted in the current design to accommodate two exhaust valves, a central mounted direct injection (DI) gasoline injector and a spark plug. A shallow bowl is included in the centre of piston top to guide the fuel jets from the DI injector as well as to avoid the clash with the spark plug. Twelve evenly distributed scavenge ports are integrated to the cylinder to introduce the fresh charge and scavenge out the residual burnt gas. A single scavenge port occupies a 20⁰ segment on the cylinder circumference and the interval between two adjacent scavenge ports is fixed at 10⁰. Figure 1 also shows the design parameters of the scavenge port, including the axis inclination angle (AIA), swirl orientation angle (SOA), scavenge port opening (SPO) timing and scavenge port height (SPH). Based on the previous study [4] , the AIA and SOA are fixed at 90⁰ and 20⁰ respectively, the SPH at 14 mm and the SPO at 122 ⁰CA. The exhaust valve duration (ED) and opening timing (EVO) are fixed at 126 °CA and 117 °CA respectively. Figure 2 shows the normalized scavenge port opening area (SA') profiles and normalized exhaust valve lift (EL') profiles. The intake pressure is fixed at 2 bar (absolute). The other engine specifications are shown in Table 1 
Engine specifications

Design of the intake plenum
In order to accommodate the scavenge ports, the intake plenum with an inlet pipe and a scavenge chamber was designed and connected to the 12 evenly distributed scavenge ports in the single cylinder BUSDIG engine. In this study, five design parameters of the intake plenum are investigated and optimized in detail to optimize the scavenging performances and in-cylinder flow motions in the 2-stroke BUSDIG engine. The plenum design is shown in Figure 3 and the design parameters are defined as follows.
(1) r I/S is defined to demonstrate the design of the inlet area relative to the scavenge port area and computed by Equation (1):
In this study, the width of inlet pipe was kept constant while the height of the inlet pipe was increased from 20 to 40 mm, and the corresponding r I/S increased from 0.68 to 1.36. (2) r R is the radius of the round connecting the inlet pipe and the scavenge chamber. (3) r S/C is defined to demonstrate the design of the scavenge chamber volume relative to the cylinder displacement volume and computed by Equation (2):
The scavenge chamber height was kept constant while the width is increased from 22 mm to 60 mm, and the corresponding r S/C increased from 0.84 to 3.02. (4) 
The scavenge port length was increased from 5 mm to 20 mm, and the corresponding r B/PL decreased from 16 to 4. 
Simulation setup
Numerical models
In this study, the CFD software, STAR-CD [9] , was adopted to perform the simulations. The Reynolds-Averaged Navier Stokes (RANS) approach was applied with RNG k-ε turbulence model in the simulations. The heat transfer was implemented through the general form of the enthalpy conservation equation for the fluid mixture. The Angelberger wall function was used for the simulation of the wall heat transfer. The Pressure-Implicit with Splitting of Operators (PISO) algorithm was used to solve the equations. The equations of momentum, turbulence kinetic energy and turbulence dissipation were discretized with the monotone advection and reconstruction scheme (MARS). The upwind differencing scheme (UD) and central differencing scheme (CD) were applied to discretize the temperature and density equations, respectively. The residual tolerance for the momentum, turbulence kinetic energy and turbulence dissipation was set at 0.001 while the residual tolerance for pressure and temperature was set at 0.0001 to achieve good compromise between convergence and computational time. The angular time-step in the simulations was fixed at 0.1 degree crank angle.
Simulation conditions
The one dimensional (1D) simulations were performed using 1D engine simulation program WAVE to obtain the realistic fired engine conditions for the CFD simulations of the scavenging process in the BUSDIG engine. The adopted initial and boundary conditions in CFD simulations are shown in Table 2 . Different wall temperature values of the cylinder head, piston top and cylinder liner were used according to the estimation provided in [10] . The initial mixture components in the cylinder and exhaust ports at 100 ⁰CA after top dead center (ATDC) are pure burned gas, i.e. CO 2 , H 2 O and N 2 . The mixture components in the intake plenum and inlet boundary are pure air, i.e. O 2 and N 2 . The CFD simulations were performed from 100 ⁰CA ATDC to 280 ⁰CA ATDC, which covers the whole period of the scavenging process. The engine mesh was generated in ES-ICE software and several cylinder cell layers of the moving mesh were automatically deleted/added during the compression/expansion stroke. The arbitrary sliding interface (ASI) was applied between the scavenge ports and the cylinder liner to control the attachment and detachment with the piston movement. ASI was also applied to control the connectivity between exhaust domains and cylinder domain with the movement of exhaust valves. Three different meshes with an average grid size of 2 mm, 1.6 mm and 1 mm were generated for the baseline engine design to investigate the sensitivity of simulation results to the mesh quality [4] . The results indicated that an intermediate grid size of 1.6 mm was sufficient to achieve a convergent result regarding in-cylinder pressure, temperature profiles, flow motions and scavenging performance. Thus, the engine mesh (including the intake plenum) with an average grid size of 1.6 mm, has been used in the current study.
Results and discussion
Effect of the ratio of inlet area to the total scavenge port area (r I/S )
In this section, the ratio of inlet area to the total scavenge port area (r I/S ) is studied at first. The design parameters of the intake plenum are listed in Table 3 . In order to characterize the scavenging performance of the 2-stroke BUSDIG engine, four scavenge parameters, i.e. delivery ratio (DR), trapping efficiency (TE), scavenging efficiency (SE) and charging efficiency (CE) are used in this study. The DR represents the ability to deliver the fresh change from the intake system. The CE is used to quantify the retained the fresh charge in the cylinder after the scavenging. The TE represents the ability to retain the fresh charge in the cylinder relative to the total delivered charge. And the SE is used to demonstrate the retained fresh charge mass relative to the total trapped in-cylinder mass. Generally, higher DR, TE, SE and CE indicate higher scavenging performances.
The reference mass in above equations is calculated by the displaced volume multiplied by the ambient air density.
As shown in Figure 4 , the longer scavenging duration at low engine speed of 1000 rpm leads to better scavenging performances of higher DR, SE and CE, which in turn minimizes the differences of scavenging performances among different inlet area designs. The SE and CE with different r I/S values are around 1 and 1.4 respectively at 1000 rpm, and the DR shows a slight increasing trend with r I/S , as shown in Figure 4 (a). As the engine speed increases to 2000 rpm, the DR value is reduced for each inlet area design due to shortened scavenge duration. Correspondingly, the CE and SE are also decreased. The SE is the same at 0.95 for each design, while the DR and CE for the design with the largest r I/S value of 1.36 are highest. A further increase in the engine speed to 3000 rpm significantly decrease the scavenge duration, which further decreases the DR, SE and CE for each design. It is noted in Figure 4 (c) that larger r I/S values lead to higher DR, SE and CE values at the engine speed of 3000 rpm. In order to understand the effect of the r I/S value on the scavenge performances, the in-cylinder charge mass profiles are plotted in Figure 5 . It is noted that the smallest inlet area design with r I/S of 0.68 shows slowest charging process at each engine speed. The charging process with r I/S of 1.02 and 1.36 are similar but a larger inlet area design leads to a higher peak in-cylinder mass at low engine speeds of 1000 rpm and 2000 rpm, thus leading to the higher DR. In addition, the in-cylinder charge mass gradually decreases after the peak value when the balance of the pressure between the intake plenum and the cylinder is achieved. As a result, the final trapped in-cylinder charge mass is almost the same at 1000 rpm, leading to similar CE and SE. The inlet area design with r I/S of 1.36 has slightly higher final incylinder charge mass at 2000 rpm, thus slightly higher CE.
At 3000 rpm, the in-cylinder charge mass profiles overlap each other from bottom dead center (BDC) for the designs with r I/S of 1.02 and 1.36. The shortened scavenge duration at the higher engine speed significantly slows down the charging process and no spike is observed for all designs. This in turn leads to higher DR and CE for the designs with r I/S of 1.02 and 1.36 than that with r I/S of 0.68. The r I/S has less impact on the SE. In order to quantify the in-cylinder flow motions, the swirl ratio (SR) is calculated by the following equation:
where is the engine speed [rpm], the crank angle, the cell number, ( ) the cell volume, ( ) the cell density, ( ) and ( ) are the tangential velocity and radius respectively in the cylindrical coordinate with z axis as the swirl axis.
Similarly, the tumble ratio (TR) and cross tumble ratio (CTR) are determined by replacing the swirl axis along with the cylindrical coordinate system in Equation (8) with the tumble/cross tumble axis.
The tumble/cross tumble axis is parallel to y/x axis and crosses the central point between maximum and minimum z value of the cylinder [11] . The direction of each flow motion has been marked in Figure 1 . Overall, the design with smallest r I/S of 0.68 leads to smaller SR, TR and CTR at 3000 rpm, which slows down the fuel/air mixing at this high engine speed. The design with r I/S of 1.02 produces sufficient flow motions at different engine speeds. 
Effect of the radius of the round (r R )
In this section, the effect of the radius of the round (r R ) on the scavenging process is investigated and the corresponding design parameters of the intake plenum are listed in Table 4 . Figure 7 compares the scavenging performances with different radius of the round connecting the inlet pipe and scavenge chamber under different engine speeds. The radius of the rounding (r R ) has little impact on the scavenging performances at the low engine speed of 1000 rpm. At 2000 rpm, a larger r R leads to slightly higher DR and CE. However, as the engine speed increases to 3000 rpm, the largest r R produces the lowest DR and CE. The r R shows little impact on the SE at different engine speeds. At 1000 rpm, the final in-cylinder charge mass is almost the same for different r R , as shown in Figure 8 (a). At 2000 rpm, a larger r R leads to higher peak in-cylinder charge mass due to smooth flow from inlet pipe to the scavenge chamber. This in turn leads to higher CE as shown in Figure 7 (b). However, as the engine speed increases to 3000 rpm, the increase in the in-cylinder charge mass after TDC is slowest for the largest r R of 100 mm and the final in-cylinder charge mass is also the lowest, as shown in Figure 8 (c). The main reason is the stronger air dynamics in the intake plenum at high engine speeds that the flow jets interact with each other and limit the air flow. Figure 9 shows the section views of the velocity vector and magnitude crossing the center of intake plenum. As shown in the figure, the flow flux at the scavenge ports close to inlet pipe is relatively higher due to the guidance by the inlet pipe compared to the design with r R of 100 mm. For a large r R design, the main flow from inlet pipe would be smoothly distributed into two flows in the channel on both sides of the intake plenum. These two strong flows would finally counteract at the end of channel, which leads to lower velocity field in the intake plenum, as shown in Figure 9 , and in turn inhibits the charging process. This in turn leads to lower DR and also CE. Figure 9 . The velocity vector and magnitude distributions at 185 ⁰CA for intake plenum design without round and r R of 100 mm at 3000 rpm.
As shown in Figure 10 , the intake plenum design without the round produces the highest swirl flow motion at all engine speeds. The other two designs with the round design lead to slightly lower SR. The trade-off between the tumble ratio and cross tumble ratio is observed among different designs at all engine speeds. 
Effect of the ratio of the scavenge chamber volume to the cylinder displacement volume (r S/C )
In this section, the effect of the ratio of the scavenge chamber volume to the cylinder displacement volume (r S/C ) on the scavenging process is investigated and the corresponding design parameters of the intake plenum are listed in Table 5 . The DR is gradually increased with r S/C , which is more pronounced at high engine speed, as shown in Figure 11 . At low engine speed, the larger scavenge chamber on the one hand would trap more residual gas in the scavenge chamber due to the larger volume, reducing the SE slightly and also contributing to the slightly lower CE. On the other hand the increased scavenge chamber volume also increases the intake resistance, which contributes to the slower charging process and lower final in-cylinder mass, as well as CE.
As the engine speed increases to 2000 rpm, a larger scavenge chamber volume leads to better scavenge performances. The DR and SE monotonously increase with the scavenge chamber volume. However, the slower charging process leads to slightly lower final incylinder charge mass, as well as CE, for the largest scavenge chamber with r S/C of 3.02 compared to that with r S/C of 1.76.
At the highest engine speed of 3000 rpm, a larger scavenge chamber design shows improved scavenging performance. The DR, SE and CE are gradually increased with r S/C . As seen from Figure 13 (a) that a smaller scavenge chamber leads to earlier charge short-circuiting phenomenon at 3000 rpm. Therefore, the scavenge performance with a small scavenge chamber would be significantly deteriorated at high engine speeds. Figure 13 (b) shows section views of RGF distributions for the design with r S/C of 0.84 and 3.02. It is noted that the intake flow jets are significantly stronger at the scavenge ports close to the inlet pipe, which leads to asymmetric air flow path in the cylinder for a small scavenge chamber design. This in turn leads to the earlier charge shortcircuiting. In comparison, a larger scavenge chamber volume can produce symmetric intake flow path and delay the short circuiting, which significantly improve the scavenge performances at high engine speeds. Although the scavenge chamber volume shows impact on SR, TR and CTR, as shown in Figure 14 , the flow motions are thought to be sufficient to enhance the fuel/air mixing for each design at 1000 and 2000 rpm. As the engine speed increases to 3000 rpm, both SR and TR shows a sharp decreasing trend with r S/C , while the increase of CTR is slight. Therefore, the in-cylinder flow motions are a little weaker for a large scavenge chamber design with r S/C of 3.02 at a high engine speed. 
Effect of the angle between the inlet pipe and exhaust pipe (α I/E )
In this section, the effect of the angle between the inlet pipe and exhaust pipe (α I/E ) on the scavenging process is investigated and the corresponding design parameters of the intake plenum are listed in Table 6 . As shown in Figure 15 (a), the position of the inlet pipe shows little impact on the scavenging performances at a low engine speed ofdeterioration of the DR is significant for the design with α I/E of 90⁰, and the design with intake and exhaust pipes at the same side (α I/E =0⁰) shows highest DR. However, the SE and CE are less affected by α I/E . At 3000 rpm, the impact of intake plenum design on the scavenge performance becomes more apparent. The poorest scavenge performance is produced by the lowest DR, SE and CE for the design with α I/E of 90⁰ while it is best with the α I/E of 0⁰, as shown in Figure 15 (c).
The in-cylinder charge mass profiles in Figure 16 indicate that the incylinder mass increases much faster after 150 ⁰CA with α I/E of 0⁰ at 3000 rpm, which leads to highest DR, SE and CE. In order to match the pentroof cylinder head, the current piston top design is asymmetric, which renders earlier opening of the scavenging ports at the exhaust sides. Therefore, the design with α I/E of 0⁰ leads to a closer distance between the inlet pipe and the first opening scavenge ports and faster increase in the flow rate though the scavenging ports. As shown in Figure 17 , the flow through the scavenge ports with α I/E of 0⁰ is noticeably higher than the other two plenum designs, resulting in the higher scavenging performance. As shown in Figure 18 , the SR shows a decreasing trend with α I/E at all engine speeds. As the in-cylinder tumble and cross tumble flow transfer to each other under the impact of the swirl flow motion, the vertical placement of the inlet pipe relative to the exhaust pipe can be used to effectively enhance the in-cylinder tumble flow (at 2000 and 3000 rpm) or cross tumble flow (at 1000 and 2000 rpm), as shown in Figure 18 . 
Effect of the ratio of cylinder bore to the scavenge port length (r B/PL )
In this section, the effect of the cylinder bore to the scavenge port length (PL) in the radial direction (r B/PL ) on the scavenging process is investigated to demonstrate the effect of scavenge port length (PL) on the scavenging process. The corresponding design parameters of the intake plenum are listed in Table 7 .
Overall, the port length (PL) shows only slight impact on the scavenging performance even at high engine speed of 3000 rpm, as shown in Figure 19 . However, it is noted in Figure 20 that the swirl flow motion is gradually enhanced as r B/PL decreases from 16 to 4.
The shortest scavenge port with 5 mm port length (r B/PL = 16) generate significantly lower SR at 3000 rpm. Figure 21 compares the velocity vector and magnitude distributions at 180 ⁰CA for the intake plenum design with r B/PL of 16 and 4 at 2000 rpm. It is noted that the short port length design (r B/PL =16), compared to the long port design (r B/PL =4), shows very weak enhancement of the swirling flow from scavenging ports, thus leading to relatively lower in-cylinder swirl flow motion. Therefore, an intake plenum design with port length of at least 10 mm is preferred to achieve good mixing in the BUSDIG engine. 
